ABSTRACT Seventeen hydrophilic proteins and five amphiphilic membrane proteins were subjected to agarose gel electrophoresis in the presence of a nonionic detergent (Triton X-100), a mixture of a nonionic and an anionic detergent (Triton X-100 and sodium deoxycholate), and a mixture of a nonionic and a cationic detergent (Triton X-100 and cetyltrimethylammonium bromide). The electrophoretic mobility of the hydrophilic proteins was unaffected in the three detergent mixtures.
a e system and cathodally in the Triton X-100-cetyltrimethylammonium bromide system when compared to the mobility in Triton X-100 alone. The detergent-induced shift in mobility provides a simple, rapid, and sensitive method for distinguishing between hydrophilic and amphiphilic proteins. In the characterization of membrane proteins it is important to be able to decide whether the proteins studied possess hydrophobic domains that anchor them to the hydrocarbon interior of the bilayer or whether they are externally bound to the membrane. The electrophoretic screening method introduced in this paper is based on the fundamental difference in the interaction of hydrophilic and amphiphilic proteins with "mild" detergents such as Triton X-100 (p-t-octylphenylpolyoxyethyleneg-1o). It has been shown in numerous studies that whereas ordinary soluble proteins and peripheral membrane proteins bind little or no Triton X-100, amphiphilic membrane proteins bind large amounts (usually 80-100 mol of Triton per mol of protein) when solubilized from membranes (refs. 1-5; for reviews see refs. 6 and 7). The bound detergent forms micelle-like clusters around the hydrophobic domains of these proteins, and usually the proteins retain their native conformation. Several methods have been described to determine Triton X-100 binding (1) (2) (3) 5) . Each of these methods can as such be used to differentiate between amphiphilic and hydrophilic proteins, but contrary to the method described here, they require purified protein (usually in milligram amounts) and radioactive detergent.
Instead of using Triton X-100 alone we have used mixtures of Triton X-100 and charged detergents. When solubilized with such detergent mixtures, the amphiphilic proteins form detergent-protein complexes containing both neutral and charged detergent molecules (see ref. 6 ). The net charges of the complexes are thus dependent on the charge of the detergents used, resulting in a clear-cut difference in electrophoretic mobility of the amphiphilic proteins when electrophoresed in cationic and anionic detergent mixtures. The electrophoretic mobility of the hydrophilic proteins, which do not interact with the detergents, remains unaffected by a change in the charge of the detergents used. The agarose electrophoresis experiments were performed at room temperature (250) in 1% agarose (BioRad, USA) on glass plates (11 X 20.5 cm) as described by Weeke (13), using a water-cooled chamber (Behringwerke, Federal Republic of Germany), paper wicks, and 1 X 11 mm sample slits. The gel buffer was 0.05 M glycine-NaOH, 0.1 M NaCl at pH 9.0 containing 5 g of Triton X-100 or 5 g of Triton X-100 and 2.5 g of sodium deoxycholate or 5 g of Triton X-100 and 0.5 g of cetyltrimethylammonium bromide per liter. The buffers in the electrode chambers were the same except that in the experiments with Triton X-100 no detergent was added. The plates were first electrophoresed for 15 min at 4.5 V/cm. Samples (12 Al) were applied and electrophoresed for 2 hr at 4.5 V/cm unless otherwise indicated. After electrophoresis the gels were immediately dried under an air fan (40450) and then autoradiographed using Kodak Royal X-Omat film, scanned with a Perkin-Elmer 156 double wavelength spectrophotometer, or stained for protein (45 min in 0.7 g of Coomassie blue, 450 ml of methanol, and 90 ml of acetic acid per liter; rinsed for 15 min in 75 ml of acetic acid and 50 ml of methanol per liter). Immunoelectrophoresis was performed in agarose (1 g/100 ml) gels according to Scheidegger (14) , except that the buffer (0.06 M sodium barbital diethylbarbitate-HCI, pH 8.7) contained Triton X-100, deoxycholate, and cetyltrimeth- (16) . Fig. 1 shows the electrophoretic patterns obtained for a number of ordinary soluble proteins in the absence of detergent and in the three detergent media. Only minor differences in the electrophoretic mobility were observed. The same was true for exopenicillinase (Fig. 2) , the trypsin form of aminopeptidase (Fig. 2) , and the polar fragment of cytochrome b5 (Fig. 3) . In contrast, all the amphiphilic membrane proteins tested, membrane penicillinase (Fig. 2) ( Fig. 2) , cytochrome b5 (Fig. 3) , and the spike glycoproteins El (Fig. 4) and E2 (not shown) displayed a more anodal migration when electrophoresis was performed in the presence of the Triton X-100-deoxycholate mixture than in the presence of Triton X-100 alone. The migration in the Triton X-100-cetyltrimethylammonium bromide mixture was, on the other hand, more cathodal than in the presence of Triton X-100 alone. In all cases the shifts in mobility of the amphiphilic proteins were easily detectable. The hydrophilic as well as the amphiphilic proteins gave single bands in each electrophoretic system, with the exception of aminopeptidase which was heterogeneous in the Triton X-100-cetyltrimethylammonium bromide electrophoresis system (Fig. 2) . We have interpreted the emergence of the additional cathodally moving band in this case as an indication of partial dissociation of the subunit structure. Fig. 5 shows the immunoelectrophoretic patterns obtained using both forms of penicillinase in the three detergent mixtures. The shifts in the membrane penicillinase mobility could be seen easily, whereas the exopenicillinase remained unshifted. Similar results were obtained with the trypsin and the membrane forms of aminopeptidase, and with the membrane proteins of Semliki Forest virus using the respective antisera (not shown).
Rather than using deoxycholate and cetyltrimethylammonium bromide alone (which may have given a larger shift in mobility for the amphiphilic proteins), we have used these charged detergents in combination with an excess of Triton X-100. This was in order to keep the structure of protein-detergent complexes as constant as possible in all three detergent systems (see ref. 17) . Furthermore, cetyltrimethylammonium bromide is known to be a denaturant when used alone. However, when mixed with sufficient Triton X-100, its chemical potential drops below that required for massive binding and denaturation (see ref. 6 ). The fact that the migration of the hydrophilic proteins remained unchanged and that the antibody-antigen reactions were not affected indicated, indeed, that the cetyltrimethylammonium bromide present did not drastically denature the proteins tested.
In preliminary experiments performed at lower ionic strength (0.025 M Tris1HCl, pH 9.0) the basic proteins cytochrome c, lysozyme, and chymotrypsinogen exhibited clear-cut anodal shifts in the Triton X-100-deoxycholate system but no difference in the Triton X-100-cetyltrimethylammonium bromide system when compared to the mobility in Triton X-100 alone. This observation suggests that basic proteins can bind deoxycholate electrostatically (see ref. 18 strength is low. It should also be mentioned in this context that pancreatic colipase binds large amounts of deoxycholate and other negatively charged detergents (19, 20) , but it does not bind Triton X-100 (21) or positively charged deoxycholate derivatives (B. Borgstrom, unpublished observation). The use of three detergent systems (anionic, nonionic, and cationic) helps to detect such charge-specific binding. Integral membrane proteins with an extensive hydrophobic domain should display both an anodal shift in Triton X-100-deoxycholate and a cathodal shift in Triton X-100-cetyltrimethylammonium bromide as compared to their mobility in Triton X-100 alone.
The charge shift electrophoresis may be easily adapted for preparative purposes and for other gel media. When combined with sensitive methods to detect the protein bands it can also be used in the study of trace amounts of protein (see Figs. 4 and 5). Specific detection using antibodies, biological activities, etc. make it feasible to analyze proteins in complex mixtures (unpublished results). In such mixtures a clear-cut shift in one of the protein components indicates either that the protein itself is amphiphilic or that the protein is part of an amphiphilic protein complex. When solubilized whole membranes are analyzed it is important to include an excess of detergent in both the sample and the gel to ensure maximal separation of lipid and protein. If necessary, the lipids and the proteins can be separated beforehand using sucrose gradient centrifugation in the presence of detergent (3) . Different dissociation states of oligomeric proteins may sometimes occur in the three different detergent media (see Fig. 2 ). Our preliminary data indicate that prior crosslinking of the proteins can be used to eliminate this problem.
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